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Volcanic eruptions are among the strongest climate drivers, yet their regional impacts on the Middle
East and North Africa (MENA) remain poorly constrained. Post-eruption amplified winter cooling in
MENA is often attributed to a volcanically forced positive North Atlantic Oscillation (NAO), but the
concurrent occurrence of El Nifio—Southern Oscillation (ENSO) complicates attribution. Furthermore,
summer climatic responses, including tropical warming and mid-latitude cooling, remain
underexplored. Here, we present a pioneering research using a high-top coupled climate model
(MIROCE®) to assess volcanic-induced ENSO-NAQ interactions and their regional climate impacts. We
demonstrate that volcanic-induced NAO variability is the primary driver of post-eruption MENA winter
cooling, with El Nifio acting as a modulator rather than a fundamental trigger. We further reveal distinct
summer climate anomalies, including suppressed precipitation over the Intertropical Convergence
Zone (ITCZ). These findings underscore the importance of high-top models to resolve stratospheric

influences on post-volcanic climate variability.

Volcanic eruptions are a major external climate forcing, injecting sulfur
dioxide into the stratosphere, where it forms aerosols that reflect solar
radiation, leading to global cooling'™. While these global effects are well-
documented"*, their influence on large-scale atmospheric circulation pat-
terns, particularly the El Nino-Southern Oscillation (ENSO) and North
Atlantic Oscillation (NAO), remains debated”™*. This is especially true for
the Middle East and North Africa (MENA), where the interplay between
volcanic aerosols, atmospheric circulation, and regional climate responses is
complex”*™,

Large tropical eruptions are often associated with a positive NAO
phase, which induces Eurasian warming and MENA cooling, as observed
after the El Chichén (1982) and Pinatubo (1991) eruptions™"". However,
some studies argue that high-latitude winter warming may be driven more
by internal climate variability—such as ENSO or intrinsic NAO fluctuations
—rather than by a volcanic-induced NAO response™'*'°. Others suggest
that an El Nifio-like pattern is necessary to trigger a positive NAO phase",
while some reconstructions question the robustness of these links’. Recent
findings'' highlight volcanic-induced NAO as a key driver of Eurasian

warming, whereas El Nifio-like variability explains warming in the Amer-
icas, challenging the necessity of ENSO preconditioning. However, these
conclusions were drawn using low-top models, necessitating further
investigation with high-top coupled models.

MENA (5°5-45°N, 20°W-70°E) is highly vulnerable to climate varia-
bility, with critical socio-economic implications for water resources and
agriculture™”’. Historical eruptions have caused significant regional dis-
ruptions in MENA, including crop failures'**'. The 1991 Pinatubo eruption
led to unusually cold winters and even snowfall in parts of the Arabian
Peninsula"”"’. Despite substantial research on volcanic impacts at high
latitudes, less attention has been given to post-eruption cooling anomalies
in MENA.

This study investigates how tropical volcanic eruptions influence the
MENA climate by modulating the polar vortex and NAO. Volcanic aerosols
induce stratospheric warming primarily between 30°S and 30°N, strength-
ening the meridional temperature gradient and intensifying the polar vor-
tex, which in turn influences NAQ variability******. While some emphasize
ENSO’s role in shaping post-volcanic patterns™”, others suggest volcanic
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activity can independently drive these processes™. Understanding these
interactions is crucial for predicting climate responses and informing
adaptation strategies.

Previous studies have primarily used models with limited vertical
resolution® ™, which may struggle to resolve key stratospheric processes
such as post-eruption polar vortex intensification and NAO variability' **.
Khodri et al.” demonstrated that tropical eruptions can trigger El Nifio by
cooling tropical Africa, while Luo et al.** showed ENSO-driven NAO phase
shifts, highlighting unresolved volcanic-ENSO-NAO interactions. These
limitations—in both vertical model resolution and representation of inter-
linked dynamical processes—underscore the need for high-top models like
MIROCS6. MIROCES extends up to 0.004 hPa with 90 vertical levels, pro-
viding a more complete and physically consistent simulation of
stratosphere-troposphere coupling and associated teleconnections.

To address the above limitations in model vertical resolution and the
representation of volcanic-ENSO-NAO interactions, we use MIROC6 to
explore ENSO and NAO responses to volcanic forcing, with a focus on post-
eruption MENA cooling. Specifically, we aim to answer:

How well does MIROCS6 simulate the climatic impacts of volcanic
eruptions on MENA, particularly through ENSO-NAO interactions?

What drives post-eruption amplified winter cooling and summer cli-
matic shifts—NAO or ENSO?

How does ENSO preconditioning (El Nifio, La Nifla, or neutral)
modulate the magnitude and spatial pattern of post-eruption climate
responses in MENA?

To reinforce the robustness of our findings, we compare our idealized
simulations with independent datasets, including observational (UDEL),
reanalysis (ERA5), and CMIP6 multi-model ensemble outputs (section
“Comparison with observations, reanalysis, and CMIP6 models”). The
subsequent sections present our results, including model validation against
ERAS reanalysis (section “Model evaluation and variability”), key findings
on ENSO-NAO responses to strong volcanism, and broader implications
(section “Discussion”). The experimental design and methodology are
described in the section “Methods.”

Results

Model evaluation and variability

The post-eruption low-latitude winter cooling, particularly over MENA, is a
key focus of this study. To validate the MIROC6 model’s performance, we
analyze its climatological patterns during boreal winter, comparing them
with ERA5 reanalysis data™.

Figure 1 presents the MIROC6 global climatology for boreal winter
(DJF), providing a reference for large-scale circulation patterns that influ-
ence the MENA region. Figure 1 presents the MIROC6 global climatology
for boreal winter (DJF), compared against ERA5, showing surface air
temperature, precipitation, and 10 m wind vectors. While the figure pro-
vides a global overview, it offers important context for evaluating large-scale
circulation features—such as the NAO and ENSO—that influence regional
climate variability over MENA. Winter climatology is prioritized due to the
stronger indirect circulation effects driven by ENSO and NAO variability,
making it an optimal season for assessing model responses.

To further evaluate the model’s baseline performance, we computed
DJF climatological differences between MIROC6 and ERA5 for surface air
temperature, precipitation, and 10 m wind vectors (Supplementary Fig. S2).
The MIROCS6 control simulation, conducted with fixed forcings (held
constant at 1991 levels) and using hypothetical model years, was compared
against ERA5 over the 1941-2002 period to ensure consistent sampling.
Given that ERA5 incorporates transient forcings (e.g., greenhouse gases,
volcanic aerosols) and assimilated observations, the differences likely reflect
a combination of model bias, forcing discrepancies, and internal variability.
MIROCES generally reproduces large-scale temperature patterns, with small
biases in the tropics and mid-latitudes, and a persistent warm bias at high
latitudes, especially over North America. Over the MENA region, tem-
perature and precipitation differences are modest, though localized pre-
cipitation biases appear in tropical regions such as Southeast Asia and South

America—possibly linked to convection schemes and the lack of transient
forcings. Wind differences are relatively minor and spatially coherent.
Overall, the comparison confirms the model’s broad reliability, while
highlighting regional deviations important for interpreting post-volcanic
and dynamical responses over MENA.

To establish MIROC6’s capability in capturing large-scale climate
patterns, we evaluate its simulation of NAO- and ENSO-related tempera-
ture and pressure shifts (Figs. S3 and S4). The strong correlation between
MIROC6 and ERAS5 climatology confirms that the model effectively
simulates the positive NAO phase, characterized by a high-pressure
anomaly over the Azores extending toward North Africa and a low-pressure
anomaly over northern latitudes””*.

Surface temperature anomalies associated with the positive NAO
phase exhibit warming over Eurasia and cooling over MENA, consistent
with earlier findings. While the MIROC6 simulation shows weaker
warming over the southeastern United States than observed in ERAS5, the
overall spatial pattern aligns well with observational datasets, confirming
MIROCES6’s robustness in simulating the NAO response. The model’s
effectiveness is further supported by the correlation of the Nifno3.4 index
with surface temperature (Fig. S4).

Post-volcanic MENA winter response —influence of ENSO and
NAO dynamics

Figure 2a—c presents surface temperature anomalies during the first post-
eruption boreal winter, averaged across eight realizations for each ENSO
precondition. The results reveal a distinct cooling pattern over MENA,
accompanied by warming over high-latitude Eurasia and the southeastern
United States, consistent with previous studies of the Pinatubo eruption.
Notably, the strongest cooling occurs under El Nifo preconditioning,
suggesting that El Nifo dynamics amplify the temperature anomalies via
enhanced NAO-like features'. However, substantial cooling is also
observed in the neutral and La Nifia scenarios, albeit weaker than in the El
Nifio case. This challenges previous claims that El Nifo is necessary for
driving post-eruption NAO-like responses', instead suggesting that vol-
canic forcing alone can initiate such responses, with ENSO playing an
amplifying rather than essential role.

To further investigate the underlying mechanisms, we examined sur-
face pressure anomalies (Fig. 2d-f). The results confirm a canonical positive
NAO pattern, characterized by high pressure over the Azores and low
pressure over Iceland. This pattern supports the notion that volcanic
eruptions trigger a positive NAO, which in turn contributes to MENA
cooling. The corresponding geopotential height anomalies at 50 hPa
(Fig. 2g-i) further reinforce this conclusion, showing strong positive
anomalies over mid-latitudes and negative anomalies over the polar region,
indicative of a strengthened polar vortex. These results are statistically sig-
nificant at the 95% confidence level, affirming the robustness of the
volcanic-induced NAO response.

To provide a more detailed dynamical perspective, Fig. 3 presents
zonally averaged temperature anomalies (left panels) and zonal wind
(U-wind) anomalies (right panels) as a function of latitude (0-90°N) and
pressure (hPa). These anomalies reflect the difference between volcanic
simulations and their respective control runs during the first post-eruption
winter under the three ENSO-preconditioned states: El Nifo (a, b), neutral
(¢, d), and La Nina (e, ).

The temperature anomalies (Fig. 3a, ¢, e) reveal a characteristic dipole
structure, with pronounced cooling in the high-latitude stratosphere
(60-80°N) and significant warming in the lower stratosphere at lower
latitudes (0-60°N). Additionally, an altitudinal temperature gradient
emerges, featuring stratospheric warming and tropospheric cooling. These
features, particularly evident in the El Nino-preconditioned case (Fig. 3a),
are indicative of a strengthened polar vortex, consistent with earlier
studies”*””. The zonal wind anomalies (Fig. 3b, d, f) further corroborate this
interpretation, showing enhanced mid-latitude westerlies (positive U-wind
anomalies) at 50-60°N, aligning with the positive NAO response. The
strongest westerly anomalies appear under El Nifo conditions (Fig. 3b),
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Fig. 1 | Boreal winter climatology from ERA5 and MIROC6. DJF climatological
patterns from ERAS5 reanalysis (1941-2002; left panels) and the MIROC6 control
simulation (model hypothetical years 1941-2002 with forcings fixed at 1991 levels;
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right panels), showing 2 m surface air temperature (°C, top panels) and precipitation
(mm day™, bottom panels) with overlaid 10 m wind vectors (m s™).

suggesting that El Nifo enhances volcanic impacts on polar vortex
dynamics and the NAO". To further clarify the vertical structure of the
zonal wind anomalies, we generated an additional plot using logarithmic
pressure coordinates (see Supplementary Fig. S6). This vertical scaling
allows for a more accurate depiction of the upper troposphere and lower
stratosphere, which were visually compressed in the original linear pressure
plots. The new figure reveals that under El Nifio preconditioning, the zonal-
mean westerly anomalies are strongest in the upper troposphere-lower
stratosphere region, between ~100 hPa and 10 hPa, indicating a vertically
confined and equatorward-enhanced structure. This pattern is consistent
with a contracted and poleward-shifted polar vortex, rather than a weakened
circulation. These dynamics align well with the observed surface pressure
anomalies and the enhanced MENA cooling shown in Fig. 2. The positive
NAO phase has distinct regional climate effects, particularly over MENA.
The intensified westerlies associated with the volcanic-induced positive
NAO phase lead to a northward shift of the Atlantic storm track, enhancing
warm air advection and storm activity over Eurasia and northern Europe.
Meanwhile, the MENA region lies under the influence of subsiding air and
anomalous northerly flow, favoring cold-air advection from higher latitudes
and resulting in cooler, drier conditions—consistent with the canonical
NAO+ pattern”**. The temperature anomalies (Fig. 3a, c, €) reinforce
these surface-level effects, directly linking them to volcanic-induced polar

vortex strengthening and subsequent tropospheric cooling over MENA
(Supplementary Figs. S7 and S8).

These findings highlight the crucial role of volcanic forcing in reshaping
atmospheric circulation through a combination of radiative and dynamical
processes. The dipole temperature pattern strengthens the equator-to-pole
gradient, reinforcing polar vortex intensification and sustaining a positive
NAO phase. The corresponding zonal wind anomalies provide additional
evidence of this dynamical shift, with mid-latitude westerlies intensifying
across all ENSO-preconditioned states, albeit with varying magnitudes.

The zonal-mean diagnostics in Fig. 3 provide compelling evidence that
volcanic eruptions, independent of ENSO, can initiate a strengthened polar
vortex and a positive NAO response, which in turn drive MENA cooling
and Eurasian warming. The MIROC6 model effectively captures these
volcanic impacts, particularly under El Nifio preconditioning, in agreement
with previous findings. However, it is important to note that El Nifio-like
features observed in prior studies'' emerge weakly in the first post-eruption
winter in MIROC6 but become more pronounced in the second post-
eruption winter (not shown). This suggests that while MIROCS effectively
captures the broader effects of volcanic forcing, it does not fully replicate the
precise timing of El Nifo-like responses, implying timing discrepancies.
However, underlying differences in dynamical processes cannot be
ruled out.
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Fig. 2 | Post-eruption boreal winter surface and circulation anomalies under
different ENSO states. The top panels illustrate surface (2 m) air temperature
anomalies (volcanic simulation minus the coresponding control; °C) for the first
post-eruption boreal winter over the entire globe, averaged across eight ensemble
members for sensitivity experiments preconditioned with El Nifio (a), neutral (b),
and La Nifa (c) oceanic states. The middle panels (d-f) show surface pressure
anomalies (volcanic simulation minus the corresponding control; hPa) for the same

experiments and periods, also averaged over eight ensemble members. Hatched
areas indicate statistically significant anomalies at the 95% confidence level, based on
a two-sided Student’s t-test. The bottom panels present geopotential height
anomalies at 50 hPa (volcanic simulation minus the coresponding control; m) for the
first post-eruption winter, averaged across eight ensemble members for El Nifio (g),
neutral (h), and La Nifa (i) ENSO-preconditioned oceanic states.

Our results indicate that volcanic-induced NAO variability, rather than
ENSO, is the primary driver of post-eruption MENA cooling and Eurasian
winter warming. While the strongest MENA cooling occurs in El Nifio-
preconditioned simulations, substantial cooling is also observed under neu-
tral and La Nifia conditions, reinforcing the idea that ENSO modulates but
does not fundamentally determine the volcanic climate response. This is
consistent with earlier findings', which suggest that El Nifio enhances NAO-
like features rather than initiating them. The spatial inconsistencies in high-
latitude warming patterns across ENSO states'' highlight the importance of
ocean preconditioning in shaping the magnitude of climate anomalies.

Overall, these findings underscore the dominance of volcanic forcing in
driving NAO-like circulation shifts, independent of ENSO, with significant
implications for understanding post-eruption climate variability in MENA
and beyond.

Post-volcanic MENA summer response—influence of ENSO
dynamics

Previous studies have suggested that post-eruption circulation changes, both
direct and indirect, lead to significant mid-latitude cooling in MENA and

tropical warming over the Intertropical Convergence Zone (ITCZ) and
tropical convective regions. These effects have primarily been examined
using atmospheric global or regional models™, which have limited vertical
resolution, hindering their ability to fully capture stratospheric processes. In
this study, we use the high vertical-resolution, high-top MIROC6 coupled
global climate model to more effectively analyze these cooling and warming
features.

Figure 4 illustrates the summer response during the first summer
following the eruption. It is important to note that we did not display the
summer during which the eruption occurred—such as the Pinatubo
eruption occurred in June 1991—and we display the subsequent sum-
mer period, that is summer (JJA) 1992 as this will be having stronger
impacts of volcanism rather than the concurrent summer period
(i.e., JJA 1991) during which eruption occurred. Our results reveal a
pronounced cooling response in mid-latitude regions across all ENSO-
preconditioned states. Additionally, tropical warming (reaching to 1 °C)
is observed over the convective regions of the ITCZ, especially for El
Nino-preconditioned case (see Fig. 4a), which is consistent with pre-
vious findings”*.
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Fig. 3 | Post-eruption zonally averaged temperature and zonal wind (U-wind)

anomalies. Left panels show zonally averaged air temperature anomalies (volcanic
simulation minus control; °C) as a function of latitude (x-axis, 0-90°N) and pressure
(y-axis, hPa) during the first post-eruption boreal winter (DJF 1991/1992), averaged
across eight ensemble members for sensitivity experiments preconditioned with El
Nifio (a), Neutral (c), and La Nifa (e) oceanic states. Right panels (b, d, f) depict

zonally averaged zonal wind anomalies (volcanic simulation minus control; m/s) for

)

100
200
300
4001
500
6001
7001
8001
9001

1000 T ;
EQ 10N 20N

Pressure (hPa)

_II
[JTTTTrH

LELLLL

R TTITET

N 6N 70N 8ON

I
15 2 25 3 35 4

)».

T T
30N 40N
[T [ T
-4 -35-3-25-2-15-1-05 0 05

. |- 8-

Zonal mean U-Wind Anom (

NEUTRAL

Pressure (hPa)
o
[=1
o

TTITTITTITT

1000

EQ 10N 20N 30N 4N 50N 60N 70N 80N

T T T T T°1
-4-35-3-25-2-15-1-050 05 1 15 2 25 3 35 4

1001
200
3001
4001
500
600+
7001
8009 =

900 E—_

1000 +——=
EQ 10N

Pressure (hPa)

2N 30N 4ON 50N 6ON 7ON 80N

LT T T T T
-4-35-3-25-2-15-1-050 05 ¢ 15 2 25 3 35 4

the same experiments and period, also averaged across eight ensemble members.
Hatched areas denote statistically significant anomalies at the 95% confidence level,
determined using a two-sided Student’s ¢-test. Note: The zonal-mean representation
is intended to illustrate large-scale stratosphere-troposphere dynamical responses
(e.g., polar vortex modulation and NAO phase), which influence surface climate over
multiple regions including the Middle East and North Africa (MENA), broadly
defined here as spanning 5°S to 45°N latitude and 20°W to 70°E longitude.
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Fig. 4 | Post-eruption surface temperature, precipitation, and cloud fraction
anomalies over MENA. The top panels illustrate surface (2 m) air temperature
anomalies (volcanic simulation minus the corresponding control; °C) for the post-
eruption summer (JJA 1992) over the MENA region (5°S-45°N, 20°W-70°E),
averaged across eight ensemble members for sensitivity experiments preconditioned
with ElNifio (a), neutral (b), and La Nifa (c) oceanic states. The middle panels (d-f)
show surface precipitation anomalies (volcanic simulation minus the corresponding

-10 -8 -8

control; mm/d) for the same experiments and periods, also averaged over eight
ensemble members. Hatched areas indicate statistically significant anomalies at the
95% confidence level, based on a two-sided Student’s ¢-test. The bottom panels show
cloud fraction anomalies (volcanic simulation minus the corresponding control; %)
at 550 level for post-eruption summer period (i.e., JJA 1992), averaged across eight
ensemble members for El Nifio (g), neutral (h), and La Nina (i) ENSO-
preconditioned oceanic states.

Notably, the cooling and warming anomalies are more pro-
nounced in the El Nifio-preconditioned case, suggesting that the El
Nifo preconditions during the Pinatubo eruption could further
amplify these effects. Figure 4d-f shows the precipitation response,
with a marked decrease in precipitation over the ITCZ region in all
three ENSO-initialized cases. However, a noticeable shift in the ITCZ
is observed, particularly in the El Nifo-initialized case. This south-
ward shift in the ITCZ suggests that the El Nino-like pattern enhances
the weakening of the ITCZ, which aligns with earlier studies (Dogar
etal.’; Haywood et al.””) that used HIRAM AGCM to investigate post-
eruption summer responses in MENA. Additionally, over Southern
Europe, our simulated precipitation anomalies show good agreement
with findings from Wegmann et al.”’, who reported similar volcanic-
induced wetting and drying patterns in the Northern Mediterranean.
This agreement further supports the robustness of our ENSO-
preconditioned ensemble approach in capturing regionally nuanced
hydrological responses to tropical volcanic forcing.

This shift in ITCZ can be attributed to the latitudinal thermal gradient
induced by the tropical eruption, which suppresses the intrusion of moisture
from the Indian and Atlantic Oceans into the MENA inland regions. This

suppression is further corroborated by the decreased cloud cover in the
ITCZ region (Fig. 4g-i), which shows a reduction in cloud cover following
the eruption. The diminished cloud cover facilitates increased downwelling
solar radiation, warming the tropical ITCZ convective zone, as reflected in
the temperature anomaly patterns.

Based on the results depicted in Fig. 4, we conclude that the post-
eruption summer cooling in mid-latitude MENA, along with the warming
and decreased precipitation due to the weakened ITCZ (i.e., the upward
branch of the Hadley Cell), are primarily driven by the combined impacts of
direct and indirect circulation changes. These changes are mediated by
ENSO and the Indian Ocean Dipole or by impacts on the Indian Monsoon,
consistent with prior studies™.

While this section dJscusses tropical features such as the ITCZ and
associated convection patterns, the purpose is to provide a physical expla-
nation for the observed post-volcanic summer anomalies over the MENA
region. The drying and cooling signals over MENA are dynamically linked
to changes in tropical circulation and moisture transport. Therefore, the
analysis of tropical responses serves to contextualize and mechanistically
interpret the regional climate impacts in MENA during the post-eruption
summer.
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Fig. 5 | Near-surface air temperature anomalies during the first post-eruption
winter. Spatial distribution of near-surface air temperature anomalies (°C) during
DJF 1991/1992 (first post-eruption winter) from a UDEL observations, b CMIP6
historical multi-model ensemble mean, ¢ ERA5 reanalysis, and d our idealized
MIROCS6 ensemble simulation (El Nifio-initialized, 3x Pinatubo forcing). Hatched
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areas indicate statistical significance at the 95% confidence level based on a two-
tailed Student’s t-test. Anomalies for (a—c) are calculated relative to the 1991-2002
DJF climatology (excluding 1991/1992 and 1992/1993), and for (d) relative to the
corresponding MIROC6 control run without volcanic forcing.

Comparison with observations, reanalysis, and CMIP6 models
To further evaluate the robustness and physical consistency of our model
results, we compare the surface temperature anomalies during the first post-
eruption winter (DJF 1991/1992) and summer (JJA 1992) using four
independent data sources: (i) UDEL gridded observations (Willmott and
Matsuura®), (i) ERA5 reanalysis, (iii) CMIP6 historical multi-model
ensemble mean based on six models (UKESM1-0-LL, CESM2 WACCM,
CESM2, MIROC6, MRI-ESM2-0, and GFDL-ESM4), each with a single
ensemble member (r1ilp1fl) obtained from the Copernicus Climate Data
Store (CDS), and (iv) our idealized MIROC6 ensemble simulations (El
Nino-initialized case with 3x Pinatubo forcing).

For consistency, anomalies in UDEL, ERA5, and the CMIP6 ensemble
are calculated relative to a 1991-2002 seasonal climatology (excluding 1991/
1992 and 1992/1993 for DJF, and 1991 and 1992 for JJA), while anomalies in
our MIROC6 simulations are calculated relative to a non-volcanic control
simulation. Both the control and volcanic simulations use fixed boundary
conditions (e.g., greenhouse gas concentrations, solar irradiance, land use,
and tropospheric ozone held constant at 1990 levels). Stratospheric ozone
responds to volcanic forcing via prescribed ozone fields in the volcanic
simulation.

Despite differences in experimental setups, such as real-world versus
idealized forcing magnitudes and evolving versus fixed boundary condi-
tions, the large-scale patterns are broadly consistent across datasets.

In DJF (Fig. 5), all four sources exhibit significant surface cooling over
the MENA region, particularly over the Arabian Peninsula and the eastern
Mediterranean. Minor regional warming patches seen in UDEL and ERA5
are likely due to residual internal variability. The multi-model CMIP6 mean
smooths out much of this noise, while our MIROC6 ensemble, with its
amplified 3x Pinatubo forcing, shows stronger but spatially coherent signals.

In JJA (Fig. 6), all datasets reveal cooling over the northern parts of
MENA, along with a notable warming anomaly over the low-latitude
MENA tropical belt, particularly between 10°N and 20°N, i.e., south of
~20°N. This feature is a well-known post-eruption dynamical signal asso-
ciated with the southward displacement of the ITCZ, resulting in clearer
skies, reduced rainfall, and increased solar radiation (Dogar et al.”). This
pattern is well captured in the CMIP6 ensemble and our
MIROCES simulations, reinforcing its dynamical robustness and relevance to
volcanic forcing over the region.

Interestingly, UDEL and ERA5 show stronger anomalies than the
CMIP6 ensemble mean, in agreement with prior studies suggesting that
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Fig. 6 | Same as Fig. 5, but for JJA 1992 (i.e., second post-eruption summer). Anomalies for (a-c) are relative to the 1991-2002 JJA climatology (excluding 1991 and 1992), and

for (d) relative to the corresponding MIROC6 control run without volcanic forcing.

models tend to underestimate the magnitude of circulation-driven
responses, such as those related to ENSO and NAO, following volcanic
eruptions (Dogar et al’). Our idealized simulations exhibit stronger
responses due to the enhanced forcing, but maintain realistic spatial
structures consistent with empirical data.

Together, these results confirm that the post-eruption temperature
responses simulated by our idealized MIROC6 model are not artifacts of a
single-model framework, but rather reflect robust, physically meaningful
signals that are consistent with real-world observations and state-of-the-art
reanalysis and modeling systems. This strengthens the confidence in the
model’s sensitivity and the relevance of its findings for understanding
regional climate responses to volcanic forcing.

Discussion

The simultaneous occurrence of strong volcanic eruptions and large-scale
circulation changes driven by natural variability, such as ENSO and NAO,
complicates efforts to isolate volcanic effects from underlying climate pat-
terns. Historical observations indicate significant winter warming in high-
latitude Eurasia and amplified winter cooling in the MENA following tro-
pical volcanism. These changes have been linked to polar vortex strength-
ening and a positive NAO phase”***™. Similarly, post-eruption summer
cooling in high-latitude regions of MENA, along with tropical warming and
changes in precipitation patterns, are attributed to both direct and indirect
circulation shifts™*. Despite these observed associations, climate models still

struggle to replicate the post-eruption dynamics of NAO and ENSO, par-
ticularly across different seasons in the MENA region.

The coexistence of robust volcanic forcing and natural ENSO varia-
bility raises important questions about the primary drivers of winter
warming in Eurasia and cooling in MENA. This suggests that ENSO tele-
connections, rather than volcanic impacts alone, may be responsible™”"”.
Recent studies propose a synergistic role for volcanic activity and El Nifio
conditions in triggering positive NAO phases, leading to warm winters over
Eurasia and cold winters across MENA and South Asia”". These findings,
combined with complex volcano-ENSO and volcano-NAO interactions,
highlight the difficulty in identifying the precise source of post-volcanic
winter cooling and summer warming, along with associated drying in the
tropical MENA region.

A significant divide persists among climate models, observational data,
and proxy reconstructions in understanding the relationships between
volcanic activity, ENSO, and NAO, particularly regarding their post-
volcanic impacts. These impacts include warming in high-latitude regions
and cooling in lower-latitude areas™”'*"****. To address these dis-
crepancies, we conducted numerical sensitivity experiments using the
MIROCES6 coupled atmosphere-ocean model to explore how ENSO pre-
conditioning influences post-volcanic ENSO evolution and how volcanic-
induced ENSO and NAO variability affect the MENA region, particularly in
terms of amplified winter cooling and summer tropical warming and

drying.
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While our idealized ensemble experiments using MIROC6 provide
robust insights into stratosphere-troposphere coupling and ENSO-NAO
interactions under strong volcanic forcing, we acknowledge that the
empirical basis could be further strengthened through multi-model inter-
comparisons, paleoclimate reconstructions, and extended reanalysis-based
validation. Future studies incorporating these approaches will be essential to
test the robustness and generalizability of our findings across different
model configurations and observational records.

In future work, it would be valuable to design controlled experiments
with symmetric and well-defined ENSO phase characteristics (e.g., type,
strength, and spatial structure) to systematically assess the differential
modulation of post-volcanic responses across ENSO states through direct
anomaly comparisons.

While we hypothesized that strong volcanic forcing could trigger
nonlinear or threshold-like responses in the tropical climate system, our
present results did not reveal any distinct tipping behavior. A more com-
prehensive assessment would require a broader ensemble and multiple
forcing levels to systematically explore response nonlinearity. This remains
an important direction for future research.

Although our analysis focused primarily on stratospheric responses
and mid-latitude teleconnections (e.g., NAO and polar vortex dynamics),
we acknowledge that the subtropical jet and its interaction with the Asian
monsoon system may play an important upstream role in shaping
volcanic-ENSO teleconnections. These features influence the propagation
of planetary waves and the modulation of stratosphere-troposphere cou-
pling. A more detailed investigation of these interactions, including their
influence on MENA climate via monsoon-jet dynamics, represents an
important direction for future research.

Our perturbation experiments reveal that the ENSO response to vol-
canic eruptions is strongly influenced by the pre-existing ocean state. Spe-
cifically, El Nifio preconditioning results in a more pronounced anomalous
response, while neutral or La Nifia conditions produce weaker responses.
Contrary to prior expectations, our model experiments suggest that post-
eruption MENA winter cooling is primarily driven by volcanic-induced
NAO patterns rather than ENSO variability. Moreover, the presence of an El
Nino-like preconditioning pattern is not necessary for significant winter
cooling; powerful volcanic eruptions alone are sufficient to induce pro-
nounced cooling in MENA through both direct and indirect mechanisms.
These findings highlight the critical role of the NAO in modulating post-
volcanic climate dynamics in MENA, with ENSO preconditioning acting as
an amplifying factor rather than the primary driver. Our MIROC6-based
idealized experiments strongly support the conclusion that post-eruption
amplified cooling in MENA is largely a result of NAO variability driven by
volcanic activity, with ENSO preconditions enhancing this cooling during
the winter months.

In the summer following volcanic eruptions, stronger tropical erup-
tions produce cooling in high-latitude MENA regions, while warming and
drying are observed in the tropical convective zone. This pattern results
from a weakened thermal gradient between the ocean and inland MENA
regions, which suppresses the upward branch of the Hadley Cell and reduces
moisture availability. This behavior is consistent with previous studies and
further affirms the effectiveness of the high-top MIROC6 model in cap-
turing both the direct and indirect impacts of volcanic activity.

Our study highlights the utility of the moderate-resolution, coupled
global climate model (MIROCS) in capturing the link between volcanic
eruptions and NAO through stratosphere-troposphere interactions. This
finding suggests the need for models with higher atmospheric vertical
resolution to better represent these interactions and their impacts. The
MIROC6 model’s ability to reproduce the strengthening of the polar vortex,
positive NAO-like patterns, high-latitude warming, and MENA cooling
underscores its efficacy in simulating post-volcanic climate responses.
Furthermore, the model’s representation of mid-latitude MENA winter
cooling, summer tropical warming, and reduced precipitation due to cloud
cover changes further affirms its capability to simulate the complex regional
impacts of volcanic eruptions.

In conclusion, this study advances our understanding of post-eruption
climate impacts, particularly the specific role of volcanic-induced NAO
variability in driving amplified cooling in MENA. Insights derived from the
MIROC6 model make significant contributions to volcanic impact research
and provide valuable guidance for policy studies related to eruption-driven
climate fluctuations.

While our study specifically focuses on a single tropical eruption sce-
nario (based on the Pinatubo case) during boreal summer with enhanced
stratospheric aerosol loading, we acknowledge that other important
dimensions—such as the eruption season, latitude, and the vertical profile of
aerosol injection—can significantly modulate the climate response. These
factors influence stratospheric circulation, radiative forcing, and the
resulting teleconnections. Future studies using a broader ensemble of
eruption scenarios and more realistic aerosol vertical distributions will be
essential to explore the full parameter space of volcanic impacts.

Although this study focuses on ENSO-NAO interactions in mod-
ulating post-volcanic climate responses, it is worth noting that the strato-
spheric quasi-biennial oscillation (QBO) may also play a role in shaping the
dynamical response to tropical eruptions. The phase of the QBO can
influence stratospheric wave propagation and polar vortex strength,
potentially altering the extratropical response to volcanic aerosols**"*.
While our ensemble design does not explicitly resolve or control for QBO
variability, we acknowledge its potential relevance and recommend that
future studies incorporate QBO phase-resolving experiments to more
comprehensively assess its modulation of post-eruption climate impacts.

Finally, our results are further supported by comparisons with obser-
vational, reanalysis, and CMIP6 ensemble data, which reveal broadly con-
sistent temperature anomaly patterns during both the first post-eruption
winter (DJF 1991-92) and the second post-eruption summer (JJA 1992).
The focus on JJA 1992 is intentional, as the climatic response to the Pinatubo
eruption, which occurred in June 1991, typically matures over time and
becomes more pronounced by the second summer. This consistency rein-
forces the credibility of our modeled results and confirms the physical
robustness of the volcanic signal, particularly over the MENA region.

Methods

This study utilizes the MIROC6 coupled model to investigate the post-
volcanic climatic impacts on winter and summer seasons in the MENA
region (for details, see section “Model description and numerical model
experiments”). To assess the influence of ENSO (EI Nifo, La Nifa, and
Neutral) on volcanic climate variability in the MENA region, we analyze key
climate indices: the ENSO (Nifi03.4) and NAO indices. The Nifi03.4 index
represents the average sea surface temperature anomalies over the NINO3.4
region (5°N-5°S; 170°W-120°W), providing a standardized measure of
ENSO states. The NAO index is derived from the normalized sea-level
pressure (SLP) difference between the Lisbon region in Portugal (~38.7°N,
9.1°W) and the Stykkisholmur/Reykjavik region in Iceland (~65.1°N,
21.9°W), following the method of Hurrell*', which captures key modes of
atmospheric pressure variability over the North Atlantic.

For statistical analysis, we apply the Student’s two-tailed -test to assess
the significance of composited post-volcanic winter and summer anomalies,
with significance evaluated at the 95% confidence level, considering the
appropriate degrees of freedom (N—2, where N is the number of years). This
approach follows established practices in climate research, consistent with
previous studies”".

Model description and numerical model experiments

To examine the sensitivity of ENSO and NAO to large tropical volcanic
events and their climatic effects in the MENA region, we employ the sixth
version of the Model for Interdisciplinary Research on Climate (MIROCES),
a state-of-the-art coupled atmosphere-ocean global circulation model
developed by the Japanese modeling community. MIROCE6 is an improved
version of its predecessor, MIROCS5, and has demonstrated strong perfor-
mance in detecting atmospheric and oceanic teleconnections™. This model
is widely used in CMIP6-based impact studies but exhibits a relatively
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weaker atmospheric response for NAO-type variability, a limitation shared
by many coupled models'*”’. Comprehensive details of MIROCS’s for-
mulation and simulation characteristics are provided in ref. 53.

MIROCES operates at a horizontal resolution of ~150 km (i.e., T85, 1.4°)
and is classified as a “high-top” model, extending up to ~0.004 hPa (81
vertical levels). Unlike low-top models in CMIP3 and CMIP5, which
struggle to accurately simulate the post-eruption intensification of the polar
vortex and related NAO dynamics”'***, MIROC6 has shown better per-
formance in simulating the impacts of natural variability”***. The MIROC6
used in the present study includes further improvements beyond the CMIP6
version: (1) the number of vertical levels in the lower stratosphere was
increased to 90 to enhance the amplitude of the equatorial QBO and
improve vertical dynamical coupling between the stratosphere and tropo-
sphere, particularly in relation to polar vortex variations; (2) the surface
topography was modified from a grid-mean elevation to a silhouette-based
orographic representation, snow surface roughness was reduced, and the
turbulence orography form drag scheme of Beljaars™** was introduced to
improve low-level wind and temperature biases.

Despite its improvements, the model’s response to volcanic eruptions
remains relatively unexplored. This study serves as a pioneering investiga-
tion into MIROCS6’s sensitivity to volcanic events and their interaction with
natural climate variability, such as ENSO and NAO.

To explore regional climate responses in the MENA region, we focus
on the Mount Pinatubo eruption of June 1991, amplifying its aerosol loading
to three times the observed levels™. This enhanced scenario reflects previous
research suggesting that stronger eruptions may better capture ENSO’s
response to volcanic forcing'"”. By simulating aerosol loading at three times
the Pinatubo strength, we aim to explore potential nonlinear climate
responses, such as amplified teleconnections or threshold-like sensitivities,
while also enhancing signal detectability. Although this study does not
explicitly quantify nonlinearities, the experimental framework is designed to
enable such investigations in future ensemble-based or multi-magnitude
studies.

To amplify the forced signal and reduce the influence of internal
variability, we applied a stratospheric aerosol optical depth equivalent to
three times the magnitude of the 1991 Mount Pinatubo eruption. This
idealized approach is commonly used in volcanic climate studies to improve
the signal-to-noise ratio and isolate dynamical mechanisms in regions
where volcanic impacts are subtle or seasonally masked”***. In addition to
enhancing signal detectability, this forcing strength allows for the explora-
tion of nonlinear and potentially threshold-dependent responses in the
coupled climate system, particularly in terms of stratosphere-troposphere
coupling and ENSO-NAO teleconnections. While eruptions of this mag-
nitude are rare in the modern instrumental record, they remain plausible
based on paleoclimate reconstructions (e.g., Samalas in 1257, Tambora in
1815). A full sensitivity analysis of eruption magnitude is beyond the scope
of this study but remains an important direction for future research.

The enhanced volcanic forcing was incorporated into the MIROC6
model using spectral-dependent aerosol characteristics, consistent with
historical volcanic eruptions. The volcanic-related radiative fluxes were
calculated using the Discrete Ordinate Method and the k-distribution
Method™, with updates from Sekiguchi and Nakajima®, to model absorp-
tion, emission, and scattering processes by gases and aerosols.

Three volcanic experiments were conducted, each initialized with
distinct ENSO conditions: El Nifio, Neutral, and La Nifa. These initial
ENSO states were selected from a 100-year MIROCS6 long control run
(Supplementary Fig. S1), ensuring persistence of each state for at least 1.5
years. For both the volcanic and control simulations, all forcing factors—
including solar irradiance, aerosols, greenhouse gases, ozone, and other
forcings—were fixed at 1990 levels to closely align with the eruption timing
of Pinatubo. The Nifio3.4 indices used to define ENSO conditions were
greater than +-0.5 °C for E1Nifo, less than —0.5 °C for La Nifia, and between
—0.5°C and +0.5°C for Neutral. Each selected ENSO initialization (El
Nino, Neutral, and La Nifia) starts from January month, aligning with the
seasonal dynamics of ENSO and ensuring robust initial conditions. The

enhanced volcanic forcing (three times the Pinatubo strength) was applied
in June 1991, coinciding with the actual eruption month. Each ENSO-
initialized scenario included a corresponding control run with identical
initial conditions but without volcanic forcing. This approach allowed us to
isolate the climatic impacts of volcanic aerosols under varying ENSO states.

Each ENSO-preconditioned volcanic experiment comprised eight
ensemble members, initialized with slightly perturbed initial conditions, fol-
lowing methodologies established by Dogar et al.""*'. Simulations were per-
formed for a 12-year period (1991-2002) for each scenario, and results were
presented as composite averages across the ensemble members.

To isolate volcanic impacts and reduce potential climate drift, results
are presented as anomalies by subtracting control (no-volcano) runs from
the volcanic simulations®'. This differential approach aligns with meth-
odologies used in prior studies'***". The reported model years are symbolic/
hypothetical, reflecting the experimental design rather than historical
timelines.

Data availability

This study utilized multiple publicly available datasets. The ERA5 reanalysis
dataset is accessible via the European Centre for Medium-Range Weather
Forecasts (ECMWF) at https://www.ecmwf.int/en/forecasts/datasets/
browse-reanalysis-datasets. The University of Delaware (UDEL) gridded
temperature dataset can be obtained from https://pslnoaa.gov/data/
gridded/data.UDel_AirT_Precip.html. Historical simulations from var-
ious CMIP6 models were retrieved from the Copernicus Climate Data Store
(CDS) at https://cds.climate.copernicus.eu/datasets/projections-cmip6.
Ensemble simulations produced using the MIROC6 AOGCM are available
from the corresponding author upon reasonable request.

Code availability

The figures in this study were all plotted using the Grid Analysis and Display
System (GrADS), as detailed in http://cola.gmu.edu/grads/. All codes are
also available from the corresponding author upon reasonable request.
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